Pullout of spinal terminal instrumentation after surgical treatment for thoracolumbar pathologies is frequently encountered (Figure 1) . [1] [2] [3] [4] [5] [6] The incidence of distal construct failure ranges from 3% to 50%, based on previous clinical studies. [7, 8] The mechanical and material properties of implants are important factors in determining the strength of the fixation and the biomechanical properties of bone-instrumentation interface. [9] [10] [11] Screws, hooks, and claws may loosen progressively over time as a result of nonunion and persistent micromotion, causing instrumentation failure due to laminar fracture or pullout of the transpedicular screws. In vivo cases of transpedicular screw failure due to breakage and bending have been reported in the literature. [12, 13] Many biomechanical studies focused on the strength of the terminal vertebral construct in kyphosis surgery to lower the incidence of pullout phenomena and to offer a more stable anchor. [12] [13] [14] [15] [16] However, the literature search did not reveal a well-designed study and guidelines based on solid biomechanical information to help clinicians select the type and configuration of these anchors.
We have developed a new anchor system composed of a transpedicular screw with a lateral hook screw (which itself consists of a lateral transverse process hook augmented with a hole for a locking lateral cortical screw inserted through the corpus of the terminal vertebra) to enhance the pullout strength of the terminal vertebra construct in kyphosis surgery. Therefore, in this study, we aimed to biomechanically evaluate and compare four wellknown types of terminal spinal constructs to this novel construct composed of a transpedicular screw with a lateral hook screw in terms of axial pullout strength in terminal vertebral segment fixation. This work was also conducted to determine the modality of terminal fixation that may provide optimal biomechanical resistance to pullout in thoracolumbar spinal surgery. We hypothesized that the transpedicular screw with a lateral hook screw enhances the pullout strength of the terminal vertebral construct in kyphosis surgery.
MATERIALS AND METHODS
Forty fresh-frozen lamb spines were divided into five groups with eight spines each. To stabilize the transverse process, a pedicular screw alone was used in group 1, a sublaminar hook alone was used in group 2, a transpedicular screw augmented with sublaminar hooks via a domino connector was used in group 3, claw hook alone was used in group 4, and the novel method of a pedicular screw with a lateral hook screw was used in group 5 ( Figure 2 ). A transverse connector was then placed between the rods at T 12 to increase the lateral rigidity of the dualrod construct. Instrumentation was performed by a single experienced spinal surgeon. The study was approved by the Ethics Committee of the Anatomy Department of Dokuz Eylul University Faculty of Medicine in 27/11/2014, under the reference number 235.
Lamb spines were harvested and 40 were deemed to be anatomically representative of the human spine, making them eligible for the type of instrumentation used for this study. This model was chosen because it has been reported to approximate the size and shape of human vertebrae. [17] The average age of lambs was 12.3±3.42 months. The specimens were free of macroscopic and radiological diseases.
The spine of each specimen was dissected from T 12 to L2. All muscle tissue was dissected and cleaned from the spinal units with care to preserve the interspinous and ligamentum flavum ligaments, the facet joint capsules, and the intervertebral discs. A mechanical caliper (Mittoyoto, Japan, 0.01 mm accuracy) was used to measure the pedicle dimensions and the transverse and sagittal plane diameters of the vertebral bodies. Each specimen was wrapped in saline-soaked gauze and stored in double plastic bags at -20 °C.
Under fluoroscopic guidance, the pedicles at both T 12 and L1 were instrumented with 5.5 mm diameter, 35 mm length stainless-steel polyaxial screws. Then, two high-stiffness stainless steel rods (5.0 mm in length) were seated into the heads of the pedicle screws at T 12 . The T 12 -set screws were kept loose so that the head of the screw acted as a fulcrum point.
The novel construct of distal terminal fixation was achieved by placing the transpedicular screw in the distal terminal vertebra and by orienting a lateral hook screw (composed of a lateral transverse process hook augmented with a hole) to allow a 3.5 mm locking cortical screw to be inserted from the lateral aspect through the distal terminal vertebra ( Figure 3 ).
The study was conducted in the biomechanical laboratory of the Institute of Health Sciences. The biomechanical tests were performed using the axial compression testing machine (AG-I 10 kN, Shimadzu, Japan). The test device used TRAPEZIUM2 data processing software and charge coupled device camera extensometers (Non-Contact Video Extensometer DVE-101/201, Shimadzu, Japan); these elongation meters enabled measurement without making contact with the test specimen. The L2 vertebral body was fully embedded in polymethylmethacrylate (PMMA) to secure the entire spinal segment to the lower crosshead of the servo-hydraulic materials testing system. The T 12 vertebra was supported anteriorly using a PMMA cradle (Figure 4 ) that had a roller bearing at its base to allow translation and rotation in the sagittal plane. Dual rods were seated in the unsecured heads of bilateral T 12 pedicle screws to provide a fulcrum at a distance from L1, creating a cantilever bending moment in combination with a pullout force at L1 when a downward force was applied to the rods proximal to T 12 . This force simulated the load contribution of the thoracic spine and torsion in forward bending. After performing all tests, the lamb spine models underwent an indentation test to measure the bone quality at L1. There was no statistically significant difference between the lamb spine samples.
Statistical analysis
For statistical analysis, the Mann-Whitney U test was used, and the level of statistical significance was set at p<0.05.
RESULTS
As the force was applied gradually on the proximal part of the rods, the load increased sharply until the distal construct stripped the bone; then, the load dropped rapidly ( Figure 5 ). The construct displacement at the point of peak load was within two pitches in all the constructs, and the peak load was defined as the pullout strength. The average pullout strength of each group was 927 N for group 1, 626 N for group 2, 988 N for group 3, 972 N for group 4, and 1194 N for group 5 ( Figure 6 ).
There was no statistically significant difference between groups 3 and 4 (p=0.66); group 3 had a statistically significant difference in pullout strength compared to groups 1 and 2 (p=0.004 and p=0.001, respectively). Group 4 also had a statistically significant difference in pullout strength compared to groups 1 and 2 (p=0.004 and p=0.003, respectively). Group 5 had the highest statistically significant differences in pullout strength compared to groups 1 through 4 (with p values of 0.003, 0.001, 0.006, and 0.011, respectively).
DISCUSSION
Pullout of terminal spinal instrumentation is an important complication in patients who have undergone thoracolumbar spinal surgery. In this study, we have attempted to develop some guidelines to help surgeons to select the proper terminal anchors by investigating the pullout strength of different distal fixation constructs against bending loads.
Arlet et al. [18] reported a suprapedicular claw construct at the top of the instrumented thoracic vertebra and concluded that this type of construct prevents the often-observed proximal screw pullout. Cordista et al. [19] reported that pedicle hooks should be considered when supplemental instrumentation is required in thoracic vertebrae, especially in osteoporotic bone.
Furthermore, Paxinos et al. [20] demonstrated that pedicle screws and sublaminar wires offer equally strong fixation in normal bone. In contrast, hooks tend to fail with significantly less force. In osteopenic bone, the surgeon may use any of the posterior constructs that are available for the thoracic spine because fixation strength is not related to the fixation type but to the bone strength.
Korovessis et al. [21] showed that using pedicle screws to stabilize the spine after thoracolumbar injuries was superior to using hook claws in the lumbar spine because the constructs with screws restored and maintained the fractured anterior vertebral body height better than the hooks and did so without subsequent loss of correction and while keeping a postoperatively continuous spinal canal clearance at the injury level. Moreover, Sun et al. [22] showed that the pedicle screw construct exhibited 70% greater ultimate strength and 24% greater stiffness compared with the hook construct.
Likewise, Liljenqvist et al. [23] demonstrated that average pullout strength of the pedicle screws was significantly higher than the strength in the hook group. Both screw diameter and bone mineral density had a significant influence on the pullout strength in the screw group.
Hilibrand et al. [24] demonstrated that a pedicle screw supplemented with a supralaminar hook at the same level provided significantly greater resistance to pullout than a pedicle screw alone when tested in the worst-case scenario of a stripped, senile pedicle. In the intact vertebra, no significant difference was seen in axial pullout strength when comparing the pedicle-screws-only construct and the screw-andhook construct.
This study was intended to evaluate the strength of these anchors in a biomechanical model similar to a human spine and to compare these models with a novel method of a terminal construct fixation. The goal was to produce a more stable distal construct fixation to reduce the occurrence of pullout, which is encountered frequently in spinal instrumentation, especially in kyphosis surgery. The patient's characteristics still play a major role in determining anchor selection, and surgeons must make a final decision on what type of anchor should be used based on other clinical information. We believe, however, that the information presented in this paper will assist the surgeons in their decision-making process.
Our results revealed that a transpedicular screw in the distal vertebra and a lateral hook screw (composed of a lateral transverse process hook augmented with a hole oriented to allow a 3.5 mm locking cortical screw inserted from the lateral aspect through the corpus of distal terminal vertebra) was significantly stronger in pullout failure testing than were the previously known constructs from groups 1, 2, 3, and 4. There was no obvious statistical difference between group 3 and 4. The construct using a transpedicular screw with sublaminar hooks showed a tendency to sustain higher loads before failure when compared with the claw hooks alone, but this difference did not reach statistical significance. The choice of anchors also depends on the anchor site's resistance against distraction forces and the potential for plowing the pedicle screws based on bone quality.
The study required the use of an animal model to replicate the dimensions and bone quality of a human spine. Sufficient human cadaveric tissue to adequately perform this study is virtually unobtainable. The lamb spine had similar anatomical dimensions to the human spine, and the placement of the instrumentation was similar to the human intraoperative experience. The pedicle dimensions were able to accommodate the screw placement, and the lateral-to-medial angulation of the pedicle screws did not deviate from the clinical experience. In addition, the use of animal models for evaluating spinal instrumentation is quite common. [25, 26] An obvious limitation of this biomechanical study is the direction and nature of the pullout force applied. The pullout force was directed posteriorly, continuing until acute failure occurred. A more realistic clinical scenario would involve long-term cyclical loading. However, the current method of testing was considered acceptable, as it provides a basic understanding of bone-implant behavior for this type of construct.
Furthermore, dual-energy X-ray absorptiometry was not conducted for the lamb spine specimens to create homogenous lamb spine groups; however, the indentation test was performed for all samples and no statistical significance was detected between groups. A prospective clinical study is needed to clearly demonstrate the beneficial effect of the novel construct in reducing the risk of distal instrumentation pullout.
In conclusion, our study suggests that the strongest distal fixation construct for reducing pullout is the newly described block method, which involves a transpedicular screw and a lateral hook screw. This method may be used in osteoporotic bones and conditions in which fixation strength must be enhanced.
